Background: The yield of whole-body MRI for preventive health screening is currently not completely clear. Purpose: To systematically review the prevalence of whole-body MRI findings in asymptomatic subjects. Study Type: Systematic review and meta-analysis. Subjects: MEDLINE and Embase were searched for original studies reporting whole-body MRI findings in asymptomatic adults without known disease, syndrome, or genetic mutation. Twelve studies, comprising 5373 asymptomatic subjects, were included. Field Strength/Sequence: 1.5T or 3.0T, whole-body MRI. Assessment: The whole-body MRI literature findings were extracted and reviewed by two radiologists in consensus for designation as either critical or indeterminate incidental finding. Statistical Tests: Data were pooled using a random effects model on the assumption that most subjects had ≤1 critical or indeterminate incidental finding. Heterogeneity was assessed by the I 2 statistic. Results: Pooled prevalences of critical and indeterminate incidental findings together and separately were 32.1% (95% confidence interval [CI]: 18.3%, 50.1%), 13.4% (95% CI: 9.0%, 19.5%), and 13.9% (95% CI: 5.4%, 31.3%), respectively. There was substantial between-study heterogeneity (I 2 = 95.6-99.1). Pooled prevalence of critical and indeterminate incidental findings together was significantly higher in studies that included (cardio)vascular and/or colon MRI compared with studies that did not (49.7% [95% CI, 26.7%, 72.9%] vs. 23.0% [95% CI, 5.5%, 60.3%], P < 0.001). Pooled proportion of reported verified critical and indeterminate incidental findings was 12.6% (95% CI: 3.2%, 38.8%). Six studies reported false-positive findings, yielding a pooled proportion of 16.0% (95% CI: 1.9%, 65.8%). None of the included studies reported long-term (>5-year) verification of negative findings. Only one study reported false-negative findings, with a proportion of 2.0%. Data Conclusion: Prevalence of critical and indeterminate incidental whole-body MRI findings in asymptomatic subjects is overall substantial and with variability dependent to some degree on the protocol. Verification data are lacking. The proportion of false-positive findings appears to be substantial.
T HE AIM OF PREVENTIVE MEDICINE is to prevent the occurrence or halting of disease and averting resulting complications. 1 With a general increase in health awareness and a desire to live longer and healthier, 2-4 a greater utilization of preventive medicine measures can be expected. The lack of ionizing radiation makes magnetic resonance imaging (MRI) attractive for whole-body screening, aiming at the detection of disease before its symptomatic manifestation. 5 Early detection of malignant diseases (such as brain malignancies, lung carcinoma, hepatic malignancies, renal cancer, colonic cancer, lymphoma, and bone and soft-tissue tumors) or cardiovascular diseases (such as aneurysms) may have a positive impact on the prognosis. In countries such as Canada, Germany, Japan, and the UK, wholebody MRI is offered by private companies for health check-up. However, in the Netherlands it is forbidden by law to date, because of uncertainty about the benefit and harms. Some asymptomatic subjects may benefit from timely intervention or treatment of early detected critical findings. However, discovery 14 
Retrospective
Consecutive Yes A fellowship-trained musculoskeletal radiologist, neuroradiologist, and abdominal radiologist with 14, 20, and 15 years' experience). Independent reading, discrepancies were resolved in consensus.
Perkins et al 15 Not specified Not specified Yes
Not reported
Saya et al 16 
Not specified Not specified Yes
Two radiologists with at least 5 years' experience. Independent reading, discrepancies were resolved in consensus with a third radiologist.
Ulus et al 17 
Prospective
Consecutive Yes Two radiologists with ≈15 years' experience in MRI. Independent reading, discrepancies were resolved in consensus.
Tarnoki et al 19 
Retrospective
Not specified Yes A resident in radiology (2-4 years' experience) and two senior radiologists. Independent reading, discrepancies were resolved in consensus.
Cieszanowski et al 20 
Not specified Yes Two radiologists with 10 and 10-years, experience in MRI interpretation. Independent reading, discrepancies were resolved in consensus.
Hegenscheid et al 21 
Prospective
Consecutive No a Two radiology residents with 1-5 years' experience in MRI interpretation. Independent reading, discrepancies were resolved in consensus with a senior radiologist with 15 years' experience. Male subjects had the option of undergoing contrast-enhanced cardiac MRI and MR angiography, and female subjects had the option of undergoing cardiac MRI and contrast-enhanced MR mammography.
b
The first 36 subjects were imaged using a standard clinical 1.5T MRI scanner equipped with eight receiver channels. The following 102 subjects were imaged using a 1.5T MRI scanner equipped with 32 receiver channels.
of indeterminate incidental findings (ie, findings for which the effectiveness of intervention or treatment is unknown) and falsepositive findings (ie, findings which eventually prove to be benign) can lead to unnecessary additional examinations, intervention, and treatment, with the associated risk of complications and costs. Moreover, knowledge of the existence of a critical finding for which no preventive or positive action can be taken, or informing a patient about the presence of an indeterminate incidental finding, can negatively affect psychological quality of life. 6 In addition, a false-negative finding may lead to false reassurance. 7 To our knowledge, the first studies on whole-body MRI for preventive screening were published in 2005. 5, 8 In order to get an up-to-date insight into the yield of whole-body MRI for preventive health screening, it was our objective to systematically review the prevalence of whole-body MRI findings in asymptomatic subjects.
Materials and Methods

Data Sources
A computer-aided search of the MEDLINE and Embase databases was conducted to find original articles reporting whole-body MRI findings in symptomatic adult subjects without known disease, syndrome, or genetic mutation. The following search terms were used: (whole-body OR WB OR full-body) AND ((magnetic AND resonance) OR (MR AND imaging) OR MRI)) AND ((asymptomatic OR healthy OR symptom-free OR volunteers OR controls OR population-based OR (general AND population) OR screening OR (health AND check)). No beginning date limit was used. The search was updated until December 14, 2018. To expand our search, bibliographies of studies that finally remained after the selection process were screened for potentially suitable references.
Study Selection
Original studies reporting whole-body MRI findings in asymptomatic adult subjects without known disease, syndrome, or genetic mutation were eligible for inclusion. There was no language restriction. Only studies that included at least the head, neck, chest, and abdomen (ie, cranial vertex to groin) in the field-of-view (FOV) were included. Studies that only imaged or analyzed selected body parts (such as the cardiovascular or musculoskeletal system) and studies that only analyzed selected, predefined findings (such as white matter lesions or liver steatosis) were excluded. Case reports were also excluded. When data were presented in more than one article, the article with the largest number of patients was chosen. With use of the aforementioned inclusion and exclusion criteria, titles and abstracts of the retrieved studies were reviewed. Articles were rejected if they were clearly ineligible. The full-text version of each study that was potentially eligible for inclusion was retrieved. Full-text articles were then reviewed to definitively determine if the study was eligible for inclusion.
Study Data Extraction
Data were extracted by one radiologist with 12 years of experience in data extraction for systematic reviews (R.M.K.). Data on study characteristics that might affect risk of bias were also extracted ( Table 1 ). All whole-body MRI findings, except predefined presumed benign findings (Table 2) , were extracted. Descriptions of all extracted whole-body MRI findings were reviewed in consensus by two radiologists (R.M.K. and T.C.K., each with 12 years of clinical experience) for designation as either critical finding or indeterminate incidental finding. Critical findings were defined as findings that could result in mortality or considerable morbidity if they were not appropriately treated. 9 Indeterminate incidental findings were defined as findings for which the effectiveness of intervention or treatment was unknown. 10 The number of critical and indeterminate incidental findings verified by additional examinations, resection, or follow-up were extracted. Furthermore, all reported true positives (ie, critical or indeterminate incidental findings confirmed by additional examinations, resection, or follow-up), false positives (ie, critical or indeterminate incidental findings eventually found to be a benign finding), and false-negative findings (ie, discovery of critical or indeterminate incidental findings on additional examinations, after resection, or follow-up) were extracted. In Ulus et al's study, 17 hepatomegaly, hepatosteatosis, gallbladder polyps smaller than 5 mm, and bladder stones were also detected by whole-body MRI, but the numbers were not reported. Therefore, we did not include these findings in this table.
Statistical Analyses
Statistical analyses were performed using Comprehensive Meta-Analysis, v. 3.0 (Biostat, Englewood, NJ). Data were pooled using a random effects model. The majority of the included studies only reported the total number of critical or indeterminate incidental findings, without mentioning the number of subjects in whom these findings were observed. Prevalence was pooled on the assumption that most included subjects had no more than one critical or indeterminate incidental finding. In three studies, 5, 11, 12 reported cardiac abnormalities (such as infarction and myocardial dysfunction) ( Table 3 ) may overlap in one subject. Therefore, only the cardiac abnormality with the highest prevalence was used for the pooled analysis. The proportion of critical and indeterminate incidental findings verified by additional examinations, resection, or follow-up was pooled. Proportions of reported false positive (ie, number of reported false-positive findings divided by number of all critical and indeterminate incidental findings) and false-negative findings (ie, number of reported false-negative findings divided by number of all subjects without critical or indeterminate incidental findings) were also pooled, if there were data from at least three studies. Heterogeneity between studies was assessed by calculating the I 2 statistic, 13 which ranges from 0 (no heterogeneity) to 100% (all variance due to heterogeneity). Substantial heterogeneity was defined as I 2 > 50%. Potential sources for heterogeneity were explored by subgroup analyses. Covariates were publication year (published in or after vs. published before 2014 [2014 was the median]), study size (>174 vs. <174 subjects [174 was the median]), and additional use of (cardio)vascular or colon MRI. P < 0.05 was considered a statistically significant result for all analyses.
Results
Literature Search
The study selection process is displayed in Fig. 1 . Reviewing titles and abstracts of the MEDLINE and Embase databases resulted in 19 studies that were potentially eligible for inclusion. 5, 8, 11, 12, [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] After reviewing the full text, five studies were excluded because data were also used in another article from the same group, comprising a larger number of patients 8, 18, 25, 27, 28 ; one study was excluded because it only reported study rationale and design, 22 and one study was excluded because it was not clear whether the head and neck region was included in the FOV. 22 Eventually, 12 studies were included in this systematic review, published between 2005 and 2018. 5, 11, 12, [14] [15] [16] [17] [19] [20] [21] 23, 26 Screening the reference lists of these articles did not result in other potentially relevant studies. The principal characteristics of the included studies are presented in Table 4 . A standard whole-body MRI protocol typically included conventional T 1 -weighted and fat-suppressed T 2 -weighted sequences, without the use of gadolinium chelateenhanced sequences. Some of the included studies obtained additional diffusion-weighted images and some of the included studies performed additional (cardio)vascular or colon MRI.
Study Quality
Data on study characteristics that might affect risk of bias are displayed in Table 1 . The study design was prospective in five studies, retrospective in three studies, and in four studies it was not specified. In half of the included studies, subjects were enrolled consecutively; in the other half, it was not specified whether subjects were enrolled consecutively or randomly. In all but two studies, all subjects were scanned with an identical whole-body MRI protocol. In the majority of included studies, whole-body MRI scans were read independently by two or more interpreters and discrepancies were resolved in consensus. (Table 5 ). An overview of critical and indeterminate incidental findings, reported validated findings, and true-positive and falsepositive findings per included study is given in Fig. 2 . Pooled proportion of reported verified critical and indeterminate incidental findings was 12.6% (95% CI: 3.2%, 38.8%). Falsepositives findings were reported by six studies, 5, 12, [15] [16] [17] 26 with follow-up for the majority (64%) of included subjects, by reviewing any performed radiological work-up, medical records, and/or telephone interviews: reported proportion of falsenegative findings was 2.0%.
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Discussion
Our systematic review and meta-analysis demonstrated that the prevalence of critical and indeterminate incidental findings on whole-body MRI in asymptomatic subjects is overall substantial. Studies including (cardio)vascular and/or colon MRI had significantly more critical and indeterminate incidental findings. This is due to the fact that these additional dedicated MRI protocols are more sensitive than general screening whole-body MRI for the detection of (cardio)vascular diseases and colon neoplasms. A substantial proportion of critical and indeterminate incidental whole-body MRI findings proved to be false positive. There was a large number of critical and indeterminate incidental findings without reported verification (Table 3 , Fig. 2 ) and none of the included studies performed systematic and long-term follow-up to verify whole-body MRI examinations with negative findings. Therefore, false-positive and false-negative findings may be underreported. The use of different MRI protocols leads to different sensitivity and specificity, and this was probably the main cause of between-study heterogeneity. For example, in one study a coccygeal chordoma was probably not detected because no sequence in the sagittal plane was acquired. 17 In another study, lung carcinoma was only detected on diffusion-weighted imaging. 23 In yet another study, 17 gadolinium-enhanced sequences were used in 12 subjects for lesion characterization, which increases specificity (and decreases false-positive findings).
Because there was a large variation in MRI protocols used by the included studies, we could not explore the effect of relevant parameters (such as the use of different imaging planes and sequences) on the prevalence of whole-body MRI findings. All except two studies reported that whole-body MRI was interpreted by at least two observers, of which at least one was an experienced radiologist. Therefore, we believe that interpreter skill was not a major contributor to between-study heterogeneity. Nevertheless, it should be noted that whole-body MRI for preventive health screening is not widely available yet and radiologists in general may have little experience/skills in interpreting whole-body MRI. Our systematic review had several limitations. First, a major limitation of our study is that prevalence data were pooled on the assumption that most included subjects had no more than one critical or indeterminate incidental finding. Second, there is no (inter)national consensus list of critical and indeterminate incidental findings. 29, 30 All extracted whole-body MRI findings were reviewed by consensus of two radiologists based on the available information in the original studies. Potentially relevant information such as subject's age and gender, and exact location, size, and signal characteristics of detected lesions were not presented for each subject. This may have resulted in overestimation of prevalence. Third, as mentioned above, we could not fully explore potential sources of heterogeneity by subgroup analyses. Fourth, as there is no validated quality assessment tool for prevalence studies, study quality was not formally assessed. Fifth, the included studies investigated mainly adult male subjects. It could be possible that male subjects were more likely to participate because of a generally higher socioeconomic status. Because of incomplete reporting, we could not pool data for male and female subjects separately. Therefore, the results of our systematic review and meta-analysis are only generalizable to an asymptomatic population consisting of mainly adult male subjects. Many people attach high value to the incidental MRI findings of disease that "can save lives." However, there is a need for balance between the benefit and harm of whole-body screening in asymptomatic subjects. Based on current evidence, healthcare providers should not offer whole-body MRI for preventive health screening to asymptomatic subjects outside of a research setting. Asymptomatic subjects undergoing whole-body MRI should be informed about the substantial prevalence of critical and indeterminate incidental findings, the lack of verification data, and the apparent substantial proportion of false-positive findings.
In order to better understand the potential benefit and harms of whole-body MRI for preventive health screening, an international consensus list of critical findings would be helpful for standardization and comparison of (future) study results. Furthermore, it remains to be investigated which whole-body MRI protocol achieves the best sensitivity and specificity. Only a randomized trial with long-term follow-up can definitely answer the question of whether or not wholebody MRI for preventive health screening is beneficial.
In conclusion, the prevalence of critical and indeterminate incidental whole-body MRI findings in asymptomatic subjects is overall substantial, and with variability dependent to some degree on the protocol. Verification data are lacking. The proportion of false-positive findings appears to be substantial.
